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ABSTRACT
In this paper we report on the optical and X-ray behaviour of the Be X-ray binary, SXP
91.1, during a recent type I outburst. We monitored the outburst using the Neil Gehrels
Swift Observatory. These data were supported by optical data from the Southern
African Large Telescope (SALT) and the Optical Gravitational Lensing Experiment
(OGLE) to show the circumstellar disc activity. Matter from this disc accretes onto the
neutron star, giving rise to the X-ray outburst as seen in the synchronous evolution
of the optical and X-ray lightcurves. Using data taken with OGLE we show that
the circumstellar disc has exhibited stable behaviour over two decades. A positive
correlation is seen between the colour and magnitude from the OGLE and MACHO
observations, which indicates that the disc is orientated at relatively low inclination
angles. From the OGLE and Swift data, we demonstrate that the system has shown
relative phase offsets that have persisted for many years. The spin period derivative is
seen to be at maximum spin-up at phases when the mass accretion rate is at maximum.
We show that the neutron star in SXP 91.1 is an unusual member of its class in that it
has had a consistent spin period derivative over many years, with the average spin-up
rate being one of the highest for known SMC pulsars. The most recent measurements
of the spin-up rate reveal higher values than the global trend, which is attributed to
the recent mass accretion event leading to the current outburst..
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1 INTRODUCTION
High mass X-ray binaries (HMXBs) comprise a massive
early-type star (O or B spectral type) and a compact object
(neutron star or black hole). By convention, they are divided
up into two sub-groups on the basis of their luminosity class:
supergiant X-ray binaries (luminosity class I and II) and Be
X-ray binaries (III, IV and V). In Be X-ray binaries (BeXBs)
the massive companion has a geometrically thin Keplerian
disc from which the compact object, primarily a neutron star
(NS), accretes matter, resulting in X-ray outbursts. The X-
ray outbursts come in two flavours: type I (normal) and type
? E-mail: itu@saao.ac.za
II (giant). Type I outbursts (L ≤ 1037erg.s−1) occur more
frequently and are typically associated with the periastron
passage of the NS, while type II outbursts (L ≥ 1037erg.s−1;
Stella et al. 1986) do not show any correlation with orbital
phase and last longer. The physical mechanism by which
type II outbursts occur is still not well-understood, with a
number of models proposed - (see Moritani et al. 2013; Mar-
tin et al. 2014; Monageng et al. 2017 for discussions).
The Small Magellanic Cloud (SMC) hosts a large population
of HMXBs (∼70; Coe & Kirk 2015), which is comparable to
that of the Milky Way (65; Rajoelimanana et al. 2011) de-
spite a large mass ratio of the two galaxies (MMW /MSMC ∼
50). This is most likely attributed to a recent event of star
formation due to an enhancement in the tidal force on the
© 2019 The Authors
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SMC from an interaction with the Large Magellanic Cloud
(Diaz & Bekki 2011).
The system discussed in this paper, SXP 91.1, was discov-
ered in the Rossi X-ray Timing Explorer (RXTE) survey
when a period of 92±1.5 s was detected (Marshall et al.
1997). Corbet et al. (1998) later improved on this with a
refined period 91.12±0.05 s. In a study of optical properties
of SMC sources, Stevens et al. (1999) identified the optical
counterpart with a strong Hα emission line, typical of Be
stars. Schmidtke et al. (2004) reported an 88.25 day orbital
period from MACHO V and R data. This period was later
refined by Bird et al. (2012) to 88.37 ± 0.03d using a larger
OGLE data base.
In this paper we report on the optical and X-ray behaviour
of SXP 91.1 during its outburst in November 2018. We also
review the system’s historic behaviour.
2 OBSERVATIONS
2.1 Swift
The source was monitored over the 0.3 - 10 keV range
throughout the periastron passage by the Neil Gehrels Swift
observatory (Gehrels et al. 2004). The observations cover
just over 50d, at an approximate cadence of once every
3d, and typical exposure times used were ∼ 1ks. The XRT
lightcurve was produced following the instructions described
in the Swift data analysis guide1. The results from these ob-
servations are shown in Fig. 1. At its peak brightness, and
assuming the source is in the SMC (62 kpc; Scowcroft et al.
2016), a luminosity of 9 × 1035erg.s−1 was measured from
SXP 91.1. Further Swift/XRT data on this source covering
the period 2016 - 2018 were obtained through the S-CUBE
project (Kennea et al. 2018) and are also included in this
paper.
2.2 OGLE & MACHO
The OGLE project (Udalski et al. 1997, 2015) provides long
term I-band photometry with a typical cadence of 1-3 days.
The optical counterpart of the source, the Be star [M2002]
SMC 18187, has been observed for over 17 years in the I-
band. The source is identified as SMC219.21.21951 in OGLE
IV (Udalski et al. 2015) and SMC102.1.32 in OGLE III
(Udalski 2003). The cadence of the observations was in-
creased to daily measurements around the time of the out-
burst discussed in this paper, and the lightcurve of the I-
band magnitudes is shown in Fig. 1.
The MAssive Compact Halo Objects project (MA-
CHO) conducted a survey producing regular photomet-
ric measurements of several million Magellanic Cloud and
Galactic bulge stars (Alcock et al. 1993). The data for
SXP91.1 (with identifier 208.16034.5 in the MACHO cat-
alogue) cover ∼6 years starting in 1992 and is available on
the MACHO website2. We use data taken in the red (R;
6300-7600 A˚) and blue (V; 4500-6300 A˚) passbands.
1 http://www.swift.ac.uk/analysis/xrt/
2 http://macho.nci.org.au/
2.3 SALT
The optical counterpart of SXP 91.1 was observed with the
Southern African Large Telescope (SALT; Buckley et al.
2006) using the Robert Stobie Spectrograph (RSS; Burgh
et al. 2003; Kobulnicky et al. 2003) and the High Resolution
Spectrograph (HRS; Bramall et al. 2010, 2012; Crause et al.
2014). The RSS observations were done between 03 Septem-
ber 2017 and 29 November 2018 with grating PG1800 cov-
ering wavelength range 5985 − 7200 A˚A˚ with a resolution
of 1.9 A˚. Single exposure times of 300 s were used for all
the RSS observations. The SALT pipeline (Crawford et al.
2012) was used to perform the primary reductions (which
include overscan correction, bias subtraction, gain correc-
tion and amplifier cross-talk correction). Subsequent steps
of the reductions (identifying arc lines, subtraction of the
background and extraction of the 1D spectra) were carried
out using various tasks in iraf3.
The HRS observations (18 November 2018, 24 November
2018, 02 December 2018) were done in low resolution mode
(R∼ 14000) with single exposure times of 1800 s covering
a wavelength range of ∼ 5500 − 8800 A˚A˚ with a resolu-
tion of ∼0.4 A˚. The primary reductions of these were done
with the SALT pipeline (Crawford 2015). The remainder
of the reduction steps (background subtraction, identifica-
tion of arc lines, blaze function removal and merging of the
orders) were performed with the midas feros (Stahl et al.
1999) and echelle (Ballester 1992) packages. Kniazev et al.
(2016) describe the procedure in detail.
2.4 NuStar
Observations of the field which includes SXP 91.1 were car-
ried out by the NuSTAR observatory (Harrison et al. 2013)
during November 2018 whilst studying the bright nearby X-
ray transient SXP 4.78 (Monageng et al. 2019). Data from
the Focal Plane Module A (FPMA) and Focal Plane Module
B (FPMB) instruments were used covering the energy range
3 - 79 keV. The result from three separate observations of
SXP 91.1 over a period of 12 days are presented in Table 2.
3 RESULTS
3.1 Photometric and X-ray variability
Fig. 1 shows the OGLE I-band, Hα equivalent width (EW)
and Swift X-ray measurements during the current outburst.
From the figure, the intensities from the lightcurves follow
each other as they rise and decline. It is well-known that
the optical photometric variability in BeXRBs is attributed
to changes in the circumstellar disc (e.g. Rajoelimanana
et al. 2011). In a simple picture, this suggests that the disc
grew large enough in size for matter to be accreted by the
NS resulting in the enhanced X-ray activity which peaks
while the disc is still growing, before shrinking.
The long-term OGLE I-band lightcurve (Fig. 2) shows
stable behaviour, with peaks separated by the orbital period
with similar amplitudes (.0.1 mag) over a time period of
∼9 years. This is an indicator of disc truncation by the NS,
3 Image Reduction and Analysis Facility: iraf.noao.edu
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Figure 1. The Swift X-ray (top panel), Hα EW (middle panel;
blue squares are RSS observations and red circles are from HRS)
and OGLE I-band measurements (bottom panel, black triangles)
during the current outburst.
as it sets a limit to the extent to which the disc can grow.
The correlation between the increase in X-ray activity and
optical flux, as seen in the current outburst, appears to be
a consistent historic feature of the system (see section 4.1).
3.2 Colour-index variability
Fig. 3 shows the historical OGLE (V − I)−I and MACHO
(V − R) − R colour-magnitude plots. A positive correlation
between these quantities is seen in both plots, i.e. as the
brightness increases the system reddens. This sort of re-
lationship between the colour index and the magnitude is
attributed to the geometry of the disc, where a relatively
low inclination angle of the disc relative to the observer
(i.e. orientations that are close to face-on) results in expo-
sure to a large surface of the disc. It follows that as the
disc grows in size the brightness and red continuum increase
(Harmanec 1983; Rajoelimanana et al. 2011; Reig & Fab-
regat 2015). While we do not have coverage of a full cycle,
we see the variability of the colour-magnitude proceed in a
roughly clockwise direction. This pattern of behaviour has
been seen before in Be stars and is attributed to cycles of
disc growth and dissipation, as well as changes in the red
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Figure 2. Long-term MACHO R-band (red symbols) and OGLE
I-band (purple symbols) lightcurve showing historic behaviour of
SXP 91.1. The markers indicate epochs of SALT observations
with RSS (blue symbols) and HRS (red symbols).
and blue opacity (de Wit et al. 2006). A disc-less star of the
same spectral type as the massive companion in SXP 91.1
(B0.5III−V; McBride et al. 2008) results in an apparent I-
band magnitude of ∼15.5 and colour index (V − I) ∼ −0.3
(Straizys & Kuriliene 1981; Wegner 1993), which places it
off the scale of Fig. 3.This suggests that the circumstellar
disc is always present in SXP 91.1 for the duration of the
observations reported here.
3.3 Optical spectroscopy
The SALT spectra collected for SXP 91.1 covers the Hα
line region which is seen to be in emission in all our
spectra. The line profiles exhibit a double-peaked shape
from the spectra obtained with the HRS and single-peaked
shape in the RSS spectra. While a central depression in
the HRS spectra is present due to the Keplerian distri-
bution of the matter in the disc viewed at a non-zero
inclination angle, its depth may be exaggerated due to an
over-subtraction of the background emission as a result
of the sky fibre being placed in the surrounding region of
extended H-alpha emission (see Fig. 4) at a distance of 1
arcmin from the target. To demonstrate this, we re-binned
the HRS spectra to reduce the resolution to match that
MNRAS 000, 1–6 (2019)
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Figure 3. OGLE (V − I) vs I (top) and MACHO (V − R) vs
R (bottom) colour magnitude diagrams. A disc-less B0.5III−V
star in the SMC has an apparent I-band magnitude of ∼15.5 and
colour index of (V − I ) ∼ −0.3. The arrows indicate the direction
of the evolution of the variability with time.
of the RSS spectra where we see the central depression
persist from the background over-subtraction. Examples of
the Hα emission line are shown in Fig. 5. The transition
between different Hα line shapes has been seen in other
systems (e.g. A 0535+262, Moritani et al. 2013) and has
been explained to be caused by a precessing warped disc,
resulting in the viewing angle varying periodically. The
timescales for these changes, however, are much longer
(≥ 1 year; Moritani et al. 2013; Reig et al. 2007) than the
those seen in the spectra shown in this work for SXP 91.1
(≤ 10 days). The single-peaked profiles seen in the RSS
spectra here are therefore likely to be due to the resolu-
tion of the RSS not being sufficient to resolve the two peaks.
Fig. 4 shows the extent of the Hα emission in the region
surrounding SXP 91.1. For the HRS spectra the background
fibre was positioned 1 arcmin to the east of the target (the
leftmost edge of the green circle in the figure). There is ev-
idence of low level Hα emission at this position, so the Hα
equivalent width (EW) measurements from HRS may be a
slight underestimate due to over-subtraction of the back-
ground. To account for this, the EW measurements from
RSS and HRS observations obtained closest in time were
Figure 4. Hα image of the region around SXP 91.1 from the
UK Schmidt survey (Parker & Phillipps 1998). The source SXP
91.1 has a position of RA 00:50:55.8 Dec -72:13:38 and lies at the
centre of the green circle which has a radius of 1 arcmin.
Table 1. Hα equivalent width measurements of SXP 91.1
MJD EW (A˚) Grating
57999.9405671 27.354 ± 0.854 PG1800
58103.8093402 26.054 ± 1.328 PG1800
58298.1372800 22.710 ± 0.302 PG1800
58330.0717708 24.384 ± 0.611 PG1800
58427.8736800 25.518 ± 0.577 PG1800
58430.8127310 25.608 ± 0.376 PG1800
58440.7900000 26.498 ± 0.791 LR
58446.8433680 24.926 ± 0.723 LR
58451.8318866 24.135 ± 0.612 PG1800
58454.8530210 23.846 ± 0.522 LR
used, where the difference between them is used to scale up
the all the other HRS EWs.
Fig. 1 shows the evolution of the EW, Swift counts and
the OGLE I band measurements during the current out-
burst. As seen in the figure, the EW evolves synchronously
with the X-ray measurements. Using the EW as a proxy to
the size of the disc, this suggests that the extent of the disc
increases until the NS accretes and disrupts the disc matter.
The measured EW values are given in Table 1.
3.4 Pulse period analysis
The pulse period history of SXP 91.1 is shown in Fig. 6. All
the data points shown before MJD 56000 come from obser-
vations by RXTE (Townsend et al. 2013). The recent data
points shown come from NuSTAR observations. A summary
of all the new pulse periods detected is given in Table 2 which
includes one detection by Swift/XRT which is not shown in
the figure as the uncertainty in the pulse period is much
higher than for NuSTAR.
A very clear and steady trend in the pulse period is
shown extending over 20 years. A simple linear fit to all the
data reveals a period decrease of 0.438 s. year−1 or 1.39 ×
10−8 s. s−1. Looking at just the 3 NuSTAR points, we get a
somewhat higher ÛP value of 3.67 × 10−8 s. s−1. An increase
MNRAS 000, 1–6 (2019)
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Figure 5. Hα line profiles obtained using SALT during the cur-
rent outburst. The top three were obtained using HRS and the
rest are from RSS observations. The bottom spectrum is from the
earliest observation, taken approximately three months before the
current outburst, demonstrating the long-term disc stability.
of some kind over the global average is probably what one
would expect during the actual time of mass accretion on
to the NS. This is seen in the lower panel of Fig. 7, where
the measured ÛP values from the long-term pulse period are
folded on the orbital period. The ÛP values that fall within
the same phase bin intervals of 0.2 were averaged, weighted
by their error bars, to produce the lower panel of Fig. 7.
Note that since we do not have a precise binary solution for
this system we cannot say exactly where periastron occurs.
Thus the binary phase shown in this figure is arbitrary. We
folded the data using T0 =MJD49372.5878 (the epoch of
earliest observation reported in this paper from MACHO)
and the orbital period of 88.37d. For the phase bin 0.3 − 0.5
we do not have ÛP measurements. Fig. 7 confirms, perhaps
unsurprisingly, that the NS spins up as a direct result of the
mass accretion rate (seen as seen in the increase in X-ray
flux).
80
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Figure 6. The pulse period history of SXP 91.1. All data points
before MJD 56000 come from RXTE. There are 3 data points
after this date and they are from NuSTAR. The straight line
shows the weighted best linear fit to the data. See text for further
details.
4 DISCUSSION
4.1 Long term behaviour patterns
We can see from Fig. 2 that SXP 91.1 has exhibited ex-
tremely similar optical modulation patterns for many years.
If all the historical data for both OGLE (2001-2018) and S-
CUBE (2016-2018) are folded at the binary period of 88.37d
then we can see the average outburst profiles for both data
sets - see Fig. 7 where we used the same T0 as above.
It is clear from this figure that the relative phase offset
in the X-ray and optical outbursts have, on average, per-
sisted for many years. The I -band outburst profile is proba-
bly a measure of the duration of the circumstellar disk distor-
tion since most of the I -band flux produced here and lasts,
on average, for just over half the binary cycle. Whereas the
X-ray outburst profile, almost certainly indicative of when
material actually accretes on to the NS, is shorter, lasting
just over a quarter of the binary cycle.
The relatively long duration of the I-band outburst sug-
gests that the system is in a roughly co-planar and of low
eccentricity since the NS would be the vicinity of the circum-
stellar disk, close enough to distort it, for a large fraction of
the orbit. This is supported by the fact that the average
X-ray profile (Fig. 7) never reaches zero counts even away
from the peak of the outburst, suggesting that there is low
level accretion occurring far from periastron passage, which
is possible for an orbit of low eccentricity.
4.2 Pulse period history
There are, perhaps, two surprising things about the spin
period history. Firstly, the amazing consistency of the spin
MNRAS 000, 1–6 (2019)
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Figure 7. All OGLE (upper panel) and Swift (middle panel)
data folded at the binary period. Binary phase is arbitrary but
the same for both datasets. The folded ÛP measurements weighted
in phase bins of 0.2 (lower panel). The dashed horizontal line
shows the mean long-term ÛP of 1.39 × 10−8 s.s−1. The bottom
panel shows the Swift flux folded at the same period and phase
as the upper panel.
Table 2. Recent pulse period measurements of SXP 91.1
MJD Period (s) Observatory Exposure (ks)
58431.46 83.293 ± 1.41 Swift/XRT 1.8
58438.68 82.503 ± 0.001 NuSTAR 74.5
58447.14 82.468 ± 0.001 NuSTAR 38.2
58450.12 82.465 ± 0.001 NuSTAR 73.2
period change over more than 2 decades. Secondly, it is a rel-
atively high ÛP for a source that never seems to undergo any
major outbursts, it just keeps producing Type I outbursts
year after year. Several studies of different sources reveal a
wide range of values of ÛP measurements (e.g. Coburn et al.
2001; Delgado-Mart´ı et al. 2001; Nespoli & Reig 2011). As
a result, its spin up rate is on the high end of ÛP values seen
from the Small Magellanic Cloud sources (see Table 1 in
Klus et al. (2014) for a list of 42 such measurements).
5 CONCLUSIONS
This paper presents recent and long-term historic optical
and X-ray observations of the SMC BeXB SXP 91.1. The
long-term optical data shows that the disc has undergone
stable variability, with the disc growing and shrinking with
the same amplitude over two decades. This degree of stable
behaviour is unusual for such systems. The system shows
well-behaved consistency between the X-ray and optical flux
variability over a long-term, with the peak in the X-ray
occurring slightly earlier. Using the colour information, we
show that the disc is always present and is oriented at low
viewing angles. The long duration of the optical photomet-
ric flux suggests that the NS distorts the disc for a large
portion of its orbit, implying a relatively low orbital eccen-
tricity. As a result of the persistent accretion, the NS in SXP
91.1 has a high ÛP which is at least an order of magnitude
larger compared to a majority (> 60%) of the known SMC
sources.
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